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Abstract
In organic bulk heterojunction solar cells, the open circuit voltage (Voc) suffers from an ultra-
high loss at low temperatures. In this work we investigate the origin of the loss through calculating
the Voc − T plots with the device model method systematically and comparing it with experimen-
tally observed ones. When the energetic disorder is incorporated into the model by considering
the disorder-suppressed and temperature-dependent charge carrier mobilities, it is found that for
nonselective contacts the Voc reduces drastically under the low temperature regime, while for se-
lective contacts the Voc keeps increasing with the decreasing temperature. The main reason is
revealed that as the temperature decreases, the reduced mobilities give rise to low charge extrac-
tion efficiency and small bimolecular recombination rate for the photogenerated charge carriers, so
that in the former case they can be extracted from the wrong electrode to form a leakage current
which counteracts the photocurrent and increases quickly with voltage, leading to the anomalous
reduction of Voc. In addition, it is revealed that the charge generation rate is slow-varying with
temperature and does not induce significant Voc loss. This work also provides a comprehensive
picture for the Voc behavior under varying device working conditions.
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I. INTRODUCTION
For the state-of-the-art organic bulk heterojunction solar cells, the power conversion
efficiency has exceeded 10% through decades of efforts on the optimization of device struc-
tures and internal morphology1. Nevertheless, they are far from commercial applications
due to the ubiquitously low open circuit voltages (Voc) of no more than 1V, which implies
a remarkable loss when comparing the eVoc with the effective band gap, namely the en-
ergy offset between the LUMO (Lowest unoccupied molecular orbital) of acceptor and the
HOMO (highest unoccupied molecular orbital) of donor2. In order to reveal the origin of
this ultra-high Voc loss and find means to minimize it, people have investigated extensively
the relationships between the Voc and various types electronic properties or processes, such
as the the charge transfer (CT) state energy3–8, the charge recombination dynamics9,10, the
charge carrier densities11, the energetic disorder12–15, the light intensity16,17, the internal
molecular morphology18, the metal/organic contact properties10,19–21, and so on. The re-
sults suggest that the Voc is intricately correlated with all of these factors, and an elaborate
theoretical formulation of Voc is highly desirable
22.
There are generally two fundamental principles from which the basic expressions of Voc
and its losses could be derived. First, electrically, the Voc is defined as the splitting between
the quasi-Fermi level of electrons and that of holes under the open circuit condition, namely
the non-equilibrium steady state in which the charge generation rate G exactly equals to
the charge recombination rate R12. Second, optically, there exists a detailed balance rela-
tion between the reversal processes of optical absorption and electroluminescence (radiative
recombination) in a working solar cell4,5,23. The two formulations give rise to the same be-
havior of Voc following the variation of temperature, that is, the Voc increases linearly with
the decreasing temperature until saturating to its maximum value at the low temperature
regime, which is experimentally demonstrated very well24,25. Employing this behavior peo-
ple can obtain the diode ideality factors of organic photovoltaic devices under illuminated
conditions by measuring the slope of the Voc − T plots. The most significant distinction
between the two formulations lies on the fact that they suggests two different maximum
achievable Voc’s. According to the first principle the maximum eVoc should be the effective
band gap Eg
11,24, while following the second one it is the CT state energy ECT
3,7,8,25. When
considering the energetic disorder of the LUMO/HOMO levels, or that of the CT state man-
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ifold ubiquitous at the organic donor/acceptor heterojunction, the density of states (DOS)
of the relevant electronic states are broadened and extended into the band gap, and the Voc
expression should be corrected due to the relaxation of charge carriers to the tail states or the
CT excitons to the low energy vibronic states26,27. For the first case, under the assumption
of Gaussian disorder model, the total Voc expression can be written as
eVoc = Eg −
σ2n + σ
2
p
2kT
− kT ln
(
NcNv
np
)
, (1)
where the σn(σp) are the widths of the LUMO (HOMO) DOS, and the other notations
follow the common definitions12–14. For the second case, we just need to replace the second
term on the right side of Eq.(1) with σ2CT/2kT , in which σCT is the DOS width of the CT
state manifold6,28. Thus the V oc − T relations deduced from the two principles remain
follow the same behavior even though the respective physical meanings of disorder may be
different. Around the room temperature, the Voc−T relation is still dominated by the linear
increasing behavior as the temperature reduces. Whereas under the low temperature regime,
the correction term which is inversely proportional to the temperature becomes innegligible.
Except from reducing the maximum achievable Voc, It makes the Voc increase gradually and
saturate slower with the decreasing temperature.
Recently, Gao et al. observed a novel phenomenon that in certain types of polymer-
fullerene blended solar cells, as the temperature decreases from around the room tempera-
ture (RT), the Voc initially increases linearly as expected, but it begins to decrease below a
particular low temperature29. To our knowledge, this non-monotonic variation of Voc−T re-
lation had never been reported before, and its underlying mechanism needs to be elucidated.
The phenomenon is attributed to the simultaneous deceasing of the photo-generated charge
carrier density because of the diminishing of entropy-driven charge separation process at
low temperatures30,31, which could lead to the reduced Voc according to the third term on
the right hand side of Eq. (1). But this has not been verified quantitatively through device
simulation works. On the other hand, it can also be expected that at low temperatures the
energetic disorder may suppress the linear increasing behavior of the Voc as stated above.
However, with realistic energetic disorder parameters substituted into Eq. (1), the calcu-
lated Voc − T relation still gives rise to monotonically increasing behavior with decreasing
temperature13. In this work we endeavor to find the origin of this anomalous reduction of
Voc through the calculations of the J −V curves and the Voc−T relations for various device
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parameters and working conditions. In particular, we incorporate the disorder-suppressed
charge carrier mobility obtained through the kinetic Monte Carlo simulations for organic
solid into the device model, which is found to be the key factor for inducing the reduction of
the Voc. The results are helpful for a comprehensive understanding of the temperature de-
pendence of the Voc and the underlying mechanisms through which the disorder may damage
the performance of organic bulk heterojunction solar cells.
II. DEVICE MODEL METHOD
The device model (drift-diffusion) method is commonly employed for simulating the
macroscopic device operating properties. In this model, the photoactive layer is basically
considered as a homogeneous medium. Then the time evolution of the photogenerated CT
states and the charge carriers are described by the following one-dimensional continuity
equations,
∂X
∂t
= DX
∂2
∂x2
− kdX −
X
τ
+G, (2)
∂p
∂t
= −
1
e
∂Jp
∂x
+ kdX − R(x), (3)
∂n
∂t
=
1
e
∂Jn
∂x
+ kdX − R(x). (4)
X, p, n denote the densities of the CT states, the holes and the electrons, respectively. On
the right hand side of Eq. (2), the first term stands for the CT states diffusion (with DX the
diffusivity), the second one for the CT state dissociation and charge formation (with kd the
dissociation rate), the third one for the radiative and nonradiative decay of CT states to the
ground state (with τ the lifetime), and the fourth term for the photogeneration of the CT
states (with G the generation rate). The hole (electron) current density in Eq. (3)(Eq. (4))
is of the common drift-diffusion form:
Jp(n)(x) = eµp
(
p(n)F ∓
kT
e
∂p(n)
∂x
)
. (5)
The spatio-temporal evolution of the internal electric field F is governed by the Poisson’s
equation, which reads
∂F
∂x
=
e
ǫ0ǫ
(p− n). (6)
By solving Eqs. (2,3,4,6) numerically many types of macroscopic quantities for a working
device can be calculated. The details for device model implementation are elaborated in
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numerous literatures and thus are omitted here32–34. In our simulation, initially the Onsager-
Braun theory is incorporate into the model to account for the temperature variation of the
CT state dissociation (or charge generation) rate, which can be written as33,35
kd =
3γ
4πa3
exp
(
−
Eb
kT
)(
1 + b+
b2
3
+
b3
18
)
, (7)
where the parameter
b =
e3F
8πǫ0ǫk2T 2
, (8)
and
γ =
e(µn + µp)
ε0ε
(9)
is the Langevin recombination coefficient. Eb = e
2/4πε0εa is the CT state binding energy
with a the CT state radius. The other notations follow the common definitions. For the
recombination rate R, the Langevin-type bimolecular recombination is assumed to be the
dominant recombination mechanism, namely
R = γ(np− n2i ). (10)
When the effects of the intrinsic energetic disorder are to be investigated, instead of
analyzing the effective reduction of the quasi-Fermi level splitting13,14, we incorporate it
into the device model through considering its influence on the charge transport properties.
With the presence of the disorder, the charge carriers undergo the phonon-assisted hopping
motion due to the induced charge localization effect. By employing semiclassical numerical
methods like the kinetic Monte Carlo simulation (KMC), the non-equilibrium steady state
charge mobilities µ were calculated many times for the Gaussian disorder model, and were
found to be of the following temperature dependence36–40:
µ = µ∞ exp
[
−
(
c
σ
kT
)2]
, (11)
where µ∞ is the high temperature limit of the mobility, σ is the Gaussian disorder width and
the coefficient c is set to be 2/31. According to Eq. (11) the mobility is strongly suppressed
by the energetic disorder under low temperatures. In additions, the same calculations also
revealed that the energetic disorder can make the charge mobility become dependent on the
charge density and the electric field, but these two dependencies only become significant
when the carrier density and the electric field strength are sufficiently high such as those in
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TABLE I. The parameters used in the device model simulation
Parameter Symbol Value
Effective band gap Eg 1.3 eV
Injection barriers φn, φp 0.2 eV
Relative permitivity ε 3.5
Active layer thickness L 200 nm
Density of states NC , NV 10
21cm−3
High-T Mobility µ∞ 10
−5m2/Vs
CT generation rate G 3× 1021cm−3s−1
CT state lifetime τ 100 ns
CT state radius a 2 nm
organic field effect transistors. However in organic solar cells these effects are negligible, and
for simplicity they are not included in our model. It should be noted that if the temperature
dependent mobility (Eq. (11)) is involved when calculating the steady state quantities, with
decreasing temperature the evolution time required for the device to reach the steady state
becomes longer and thus need to be enhanced accordingly. The simulation parameters are
listed in table (I) except noted otherwise.
III. RESULTS AND DISCUSSION
First of all, we attempt to verify the hypothesis that the decreased photo-generated
charge carrier density causes the reduction of Voc at low temperatures. Meanwhile, the
influence of the metal/organic interfacial properties on Voc are also examined by assuming
different boundary conditions in the device model. With constant and balanced electron/hole
mobilities being substituted into the model, we calculate the J − V curves for a set of
temperatures ranging from 320K down to ones at which the photo-generated charge carriers
are very limited and the photocurrent decreases approximately to zero, for instance 100K.
From the J − V curves the Voc’s corresponding to each temperature can be extracted.
In Fig. 1 the Voc − T curves with nonselective and selective contacts for charge carrier
extraction are shown, respectively. It is found that as temperature decreases from above
6
100 150 200 250 300 350
300
400
500
600
700
800
900
100 150 200 250 300 350
300
400
500
600
700
800
900
  1000
  100
  10
  1
V
oc
 (m
V
)
Temperature (K)
e/hmobility (10-8 m2/s)
non-selective contact
(a)
  1000
  100
  10
  1
V
oc
 (m
V
)
Temperature (K)
e/h mobility (10-8 m2/s)
selective contacts
(b)
FIG. 1. (a) The Voc − T plots calculated under a set of balanced electron and hole mobilities
with nonselective contacts. (b) The Voc − T plots calculated under the same condition except
with selective contacts being assumed. The Onsager-Braun type CT state dissociation rate kd is
incorporated in the calculation of both of the plots.
the room temperature (RT), the linearly increasing behavior of Voc are clearly reproduced
for both of the two types of contacts. With nonselective contact, when the temperature
reduces to 150K the Voc’s gradually saturate to below 900mV, which is the the maximum
achievable photovoltage given by the band gap minus the electron and hole injection barriers.
For higher carrier mobility such as 10−5m2/Vs, the calculated Voc is relatively lower and
saturates earlier with the decreasing temperature, since high mobility may brings about large
bimolecular recombination rate (see Eq. (9)) and severe surface losses due to the extraction
of charge carriers from the wrong electrode. With selective contact, the Voc − T plots for
different mobilities converge below 180K. They exhibit no obvious saturation behavior but
finally increase to a value that is very close to 900mV, because the surface losses are absent
in this case. With these conditions, no Voc reduction at low temperatures is observed, which
suggests that it is not sufficient to explain this phenomenon solely by the reduction of charge
carrier density with the decreasing temperature due to the Onsager-Braun theory or entropy
effect, and for the constant mobility cases the metal/organic contact properties have little
influence on the Voc behaviors. In the following, except stated explicitly all the simulations
are done with non-selective contacts.
Now we examine the influenced of the energetic disorder on the Voc − T relations. Incor-
porating Eq. (11) and the Onsager-Braun charge generation rate of Eq. (7) into the device
model, the J−V curves for different temperatures are calculated and presented in Fig. 2(a),
in which the the Gaussian disorder σ is set to be 80meV. It is observed that as the tem-
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FIG. 2. (a) The J − V curves calculated under different temperatures for disorder suppressed
mobilities, in which the energetic disorder σ =80meV. (b) The Voc − T plots with the disorder
suppressed carrier mobilities. The Onsager-Braun type CT state dissociation rate kd is incorporated
in the calculation of both of the plots.
perature decreases the reduction of the short circuit current density Jsc becomes more and
more drastic because of the quick reductions of both the charge carrier generation rate and
the mobilities, while the Voc increases more and more slowly under the low temperature
regime but exhibits no reduction behavior. In Fig. 2(b) the calculated Voc − T plots for a
wide range of typical Gaussian disorder are shown. For small disorder such as σ = 50meV,
the linear increasing behavior is still retained for a relatively large temperature range before
the final saturation; whereas for the energetic disorder like σ = 100meV, although the Voc
at RT becomes slightly higher, the increasing of Voc becomes slower (see the slope change
of the Voc − T plots for different disorder parameters at the high temperature regime) and
quickly deviates from the linear increasing behavior with decreasing temperature. At the
low temperature regime, the Voc − T plot with σ = 100meV tends to saturate at a rather
small value less than 800mV. This disorder-induced Voc loss is purely originated from the
disorder induced mobility reduction, rather than the diminishing of the effective band gap
due to the charge carrier relaxation. Nevertheless, even for such a high energetic disorder
as 100meV the corresponding Voc − T plot still increases monotonically with decreasing
temperature. Therefore the combined effect of the strongly temperature-dependent charge
generation rate and the disorder-suppressed mobilities do not lead to the reduced Voc at low
temperatures.
We consider the sole effect of disorder-suppressed mobilities on the Voc loss. By retaining
Eq. (11) for the disorder-suppressed mobilities but using a fully constant charge carrier
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FIG. 3. (a) The calculated Voc − T plots for fully constant charge generation rate and disorder
suppressed mobilities, with different Gaussian disorder values being assumed. (b) The calculated
Voc − T plots under the same conditions as (a) except that a slow-varying charge generation rate
are assumed.
generation rate G in the device model, the Voc − T plots are calculated and shown in
Fig. 3(a). It is found that the linear increasing behavior just below the RT is still present.
More importantly, the reduction of Voc indeed emerges for each of the Gaussian disorder σ
when the temperature decreases below a critical point. With the small σ of 50meV, the
Voc decreases if the temperature is lower than 160K. As the disorder increases, the critical
temperature corresponding to the maximum Voc increases monotonically. For σ = 100meV,
the critical temperature falls on 260K and the maximum Voc is only 750mV. Compared
with the experimentally measured Voc − T plots by Gao et al., the simulated decreasing
behavior is much more drastic. This effect may be derived from that in our simulations the
strongly temperature-dependent mobilities are used, while in real systems the temperature
variation of mobilities could be much milder than that described by Eq. (11). The successful
reproduction of the experimentally observed Voc reduction in Fig. 3(a) also suggests that the
Onsager-Braun theory may greatly overestimate the impact of temperature on CT states
dissociation and charge generation. Actually this is consistent with the findings that a
high percentage of charge carriers are generated through the quantum coherence dominated
ultrafast charge transfer processes at the donor/acceptor interfaces41,42, which is expected
to be more prominent at low temperatures. On the other hand, it is unrealistic to assume
a temperature-independent charge carrier generation rate as well. Therefore we set the
coefficient γ (Eq. (9)) in the Eq. (7) to be disorder-free, and the temperature-dependence
of kd is predominantly described by the Coulomb capture radius rc, which is defined as
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rc = e
2/4πε0εkT , and appears in the factor of exp(−rc/a) = exp(−Eb/kT ). The calculated
Voc − T plots for the kd’s with different temperatures are shown in Fig. 3(b). It can be
seen that the main features of these plots are still the same as those shown in Fig. 3(a),
except that for small σ’s the decreasing behavior of the Voc becomes moderate at the low
temperature regime, which more closely resembles the experimentally measured Voc − T
plots. In addition, at the RT regime the higher the disorder, the larger is the Voc, because
the the high-disorder suppressed mobilities induce low bimolecular recombination rate R
and thus small internal losses. According to these results, we can conclude that it is the
disorder suppressed charge carrier mobility that plays the utmost important role on inducing
the ultra-high Voc loss with decreasing temperature.
In Fig. 4 we present the calculated Voc−T plots with selective contacts while keeping other
simulation conditions the same as above. It can be observed that even though under high
Gaussian disorder values the Voc’s increases monotonically and linearly with approximately
constant slope as the temperature reduces, in contrast to the abrupt reduction behavior with
nonselective contacts. Furthermore, the Voc is not restricted by the injection barriers at the
contacts, so that it can exceed 900mV under low temperature. This suggests the charge
extraction at the wrong electrodes, or surface losses plays significant roles on lowering the Voc
with decreasing temperature. To reveal the underlying mechanism, we calculated the hole
density profile under the open circuit conditions for both selective (dashed lines) and non-
selective (solid lines) contacts, with a Gaussian disorder of 80meV, as shown in Fig. 5(a).
Comparing the hole density profiles for the two contact types at the same temperature,
it is apparent that they precisely overlap together in the bulk of the device but diverge
from each other at the vicinity of the contacts. This divergence becomes significant as the
temperature decreases. At the relatively high temperature of 240K, the overlapped region
extends to the anode side where the equilibrium hole density is much higher than those in the
bulk, and the electrons moving to the anode can be effectively annihilated through intensive
bimolecular recombination, such that the nonselective contacts are essentially selective at
high temperatures. Whereas at low temperatures, although the bulk hole density is increased
as a result of the quick reduction of the bimolecular recombination coefficient γ which
involves the disorder-suppressed mobility µ (Eq.(9)), the interfacial equilibrium hole density
is significantly decreased as is given by the Boltzmann factor exp(−φ/kT ) (with φ being
the injection barrier), and the density can even be lower than that in the bulk. Therefore
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for nonselective contacts, the electrons in the bulk may enter the anode without any kind
of blocking effect, which brings about significant surface losses.
This loss mechanism can be manifested by the calculated J−V curves of electron current
extracted to the anode under various temperatures for the nonselective contact case, as
shown in Fig. 5(b). Under the high temperatures, due to the blocking effect induced by the
high equilibrium hole density near the contact, the interfacial electron current is small and
increases very slowly with bias voltages. As the temperature decreases, this effect vanishes
gradually and the electron current increases. When the temperature reduces to 200K or
below, plenty of electrons are accumulated in the bulk region because of the greatly reduced
bimolecular recombination rate, which can be easily extracted to the anode when the external
bias voltage increases. Therefore in this case, the reduced mobility causes the anode electron
current to decrease at the short circuit condition, but this current component (acting as the
leakage current) increases extremely quickly with increasing voltage and counteracts with the
reduced hole current, making the direction of the total photocurrent reverse under a small
bias voltage, which leads to the reduced Voc with nonselective contacts. The same argument
can be applied to the hole current extracted from the cathode, which also contributes to the
large leakage current in the high voltage regime. Now it is understandable that why the Voc
does not decrease when the Onsager-Braun theory is assumed in the device model, because in
this case the reduction of the charge carrier density with decreasing temperature is so drastic
that there is very little free charge carriers in the bulk that would probably be extracted
from the wrong electrode, and thus the undesirable leakage current is negligible. Inserting
electron (hole) blocking layers between the anode (cathode) and the photoactive layer may
effectively circumvent the drastic reduction of Voc, but the reduction of photocurrent due to
the small disorder-suppressed charge carrier mobilities is inevitable.
IV. CONCLUSIONS
In this work, we employed the one-dimensional device model simulation method to investi-
gate the anomalous reduction of the open circuit voltage at low temperatures in organic solar
cells. The Voc − T plots are calculated under varied charge generation rate, charge carrier
mobilities, metal/organic contact types and many other different conditions. It is found that
with the strongly temperature-dependent Onsager-Braun type charge generation rate and
11
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the temperature-independent constant mobilities, the Voc just follows the common behavior
of linear increasing as the temperature decreases and finally saturate, so that the reduced
charge carrier density under low temperature is not sufficient for explaining the anoma-
lous reduction behavior. After incorporating the dual effects of Onsager-Braun type charge
generation rate and the energetic disorder-suppressed mobilities derived from the Gaussian
disorder model, the short circuit current is greatly reduced, but still the behavior of Voc
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does not show any significant change. For the nonselective contacts, the low temperature
reduction behavior of Voc indeed emerges in the case of incorporating the disorder-suppressed
mobilities while keeping the charge generation rate constant or only slow-varying with tem-
perature (its temperature dependence is only contained in rC). The larger the Gaussian
disorder σ, the higher is the temperature below which the Voc begins to decrease. However,
with selective contacts being assumed, the Voc’s do not decrease at low temperatures no
matter how large is the σ’s. The results suggest the origin of the ultra-high Voc loss for the
nonselective contacts is that due to the decreasing of the interfacially accumulated majority
charge carriers and the bimolecular recombination rate with the decreasing temperature, the
minority charge carriers cannot be effectively blocked from entering the respective wrong
electrodes, leading to high leakage current as the bias voltage increases, and the leakage cur-
rents counteract with the extracted photocurrent until the total current vanishes at a small
voltage, which is exactly the reduced Voc. This mechanism is manifested by the calculated
hole density profiles under the open circuit conditions and the temperature variation of the
J − V curves for the anode interfacial electron current with nonselective contacts.
ACKNOWLEDGMENTS
The author acknowledges the financial support from the National Science Foundation of
China under the grant No.11604280, and the starting research grant for the junior investi-
gators of Xinyang Normal University.
∗ yaoyao@fudan.edu.cn
1 C. Deibel and D. Dyakonov, Rep. Prog. Phys. 73, 096401 (2010).
2 J. Yao, T. Kirchartz, M. S. Vezie, M. A. Faist, W. Gong, Z. He, H. Wu, J. Troughton, T. Watson,
D. Bryant, and J. Nelson, Phys. Rev. Applied 4, 014020 (2015).
3 C. Deibel, T. Strobel, and V. Dyakonov, Adv. Mater. 22, 4097 (2010).
4 K. Vandewal, K. Tvingstedt, A. Gadisa, O. Ingans, and J. V. Manca, Nat. Mater. 8, 904 (2009).
5 K. Vandewal, K. Tvingstedt, A. Gadisa, O. Inganas, and J. V. Manca, Phys. Rev. B 81, 125204
(2010).
13
6 T. M. Burke, S. Sweetnam, K. Vandewal, and M. D. McGehee, Adv. Energy Mater. 5, 1500123
(2015).
7 Y. Zou and R. J. Holmes, ACS Appl. Mater. Interfaces 7, 18306 (2015).
8 Z. Guan, H.-W. Li, Y. Cheng, Q. Yang, M.-F. Lo, T.-W. Ng, S.-W. Tsang, and C.-S. Lee, J.
Phys. Chem. C 120, 14059 (2016).
9 A. Maurano, R. Hamilton, C. G. Shuttle, A. M. Ballantyne, J. Nelson, B. ORegan, W. Zhang,
I. McCulloch, H. Azimi, M. Morana, C. J. Brabec, and J. R. Durrant, Adv. Mater. 22, 4987
(2010).
10 O. J. Sandberg, A. Sundqvist, M. Nyman, and R. Osterbacka, Phys. Rev. Applied 5, 044005
(2016).
11 D. Rauh, A. Wagenpfahl, C. Deibel, and V. Dyakonov, Appl. Phys. Lett. 98, 133301 (2011).
12 J. C. Blakesley and D. Neher, Phys. Rev. B 84, 075210 (2011).
13 G. G.-Belmonte, Sol. Energy Mater. Sol. Cells 94, 2166 (2010).
14 G. G.-Belmonte and J. Bisquert, Appl. Phys. Lett. 96, 113301 (2011).
15 S. D. Collins, C. M. Proctor, N. A. Ran, and T.-Q. Nguyen, Adv. Energy Mater. 6, 1501731
(2016).
16 L. J. A. Koster, V. D. Mihailetchi, R. Ramaker, and P. W. M. Blom, Appl. Phys. Lett. 86,
123509 (2005).
17 V. V. Brus, Organic Electronics 29, 1 (2016).
18 M. D. Perez, C. Borek, S. R. Forrest, and M. E. Thompson, J. Am. Chem. Soc. 131, 9281
(2009).
19 O. J. Sandberg, M. Nyman, and R. Osterbacka, Phys. Rev. Applied 1, 024003 (2014).
20 V. D. Mihailetchi, L. J. A. Koster, and P. W. M. Blom, Appl. Phys. Lett. 85, 970 (2004).
21 W. Yang, Y. Yao, and C. Q. Wu, Organic Electronics 14, 1992 (2013).
22 N. K. Elumalai and A. Uddin, Energy Environ. Sci. 4, 014020 (2015).
23 U. Rau, Phys. Rev. B 76, 085303 (2007).
24 B. P. Rand, D. P. Burk, and S. R. Forrest, Phys. Rev. B 75, 115327 (2007).
25 U. Hormann, J. Kraus, M. Gruber, C. Schuhmair, T. Linderl, S. Grob, S. Kapfinger, K. Klein,
M. Stutzman, H. J. Krenner, and W. Brutting, Phys. Rev. B 88, 235307 (2013).
26 G. Grancini, M. Maiuri, D. Fazzi, A. Petrozza, H.-J. Egelhaaf, D. Brida, G. Cerullo, and
G. Lanzani, Nat. Mater. 12, 29 (2013).
14
27 X. Zhu, N. R. Monahan, Z. Gong, H. Zhu, K. W. Williams, and C. A. Nelson, J. Am. Chem.
Soc. 137, 8313 (2015).
28 Y. Liu, K. Zojer, B. Lassen, J. K.-Hansen, H.-G. Rubahn, and M. Madsen, J. Phys. Chem. C
119, 26588 (2015).
29 F. Gao, W. Tress, J. Wang, and O. Inganas, Phys. Rev. Lett. 114, 128701 (2015).
30 B. A. Gregg, J. Phys. Chem. Lett. 2, 3013 (2011).
31 N. R. Monahan, K. W. Williams, B. Kumar, C. Nuckolls, and X.-Y. Zhu, Phys. Rev. Lett.
114, 247003 (2015).
32 P. Davids, I. Campbell, and D. Smith, J. Appl. Phys. 82, 6319 (1997).
33 L. Koster, E. Smits, V. Mihailetchi, and P. Blom, Phys. Rev. B 72, 085205 (2005).
34 B. Y. Finck and B. J. Schwartz, Phys. Rev. Applied 4, 034006 (2015).
35 T. M. Clarke and J. R. Durrant, Chem. Rev. 110, 6736 (2010).
36 H. Baessler, Phys. Status Solidi B 175, 15 (1993).
37 S. D. Baranovskii, H. Cordes, F. Hensel, and G. Leising, Phys. Rev. B 62, 7934 (2000).
38 W. F. Pasveer, J. Cottaar, C. Tanase, R. Coehoorn, P. A. Bobbert, P. M. Blom, D. M. de Leeuw,
and M. A. J. Michels, Phys. Rev. Lett. 94, 206601 (2005).
39 V. Coropceanu, J. Cornil, D. A. da Silva Filho, Y. Olivier, R. Silbey, and J.-L. Bredas, Chem.
Rev. 107, 926 (2007).
40 M. Kuik, G.-J. A. H. Wetzelaer, H. T. Nicolai, N. I. Craciun, D. M. D. Leeuw, and P. W. M.
Blom, Adv. Mater. 26, 512 (2014).
41 L. G. Kaake, D. Moses, and A. J. Heeger, J. Phys. Chem. Lett. 4, 2264 (2013).
42 K. B. Whaley, A. A. Kocherzhenko, and A. Nitzan, J. Phys. Chem. C 118, 27235 (2014).
15
